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protein complexes, but success requires accurate computational treatment of solvation. We compare two methods by which
to calculate SWAXS patterns. The first approach uses all-atom explicit-solvent molecular dynamics (MD) simulations. The
second, far less computationally expensive method involves prediction of the hydration density around a protein using our
new HyPred solvation model, which is applied without the need for additional MD simulations. The SWAXS patterns obtained
from the HyPred model compare well to both experimental data and the patterns predicted by the MD simulations. Both
approaches exhibit advantages over existing methods for analyzing SWAXS data. The close correspondence between calcu-
lated and observed SWAXS patterns provides strong experimental support for the description of hydration implicit in the HyPred
model.INTRODUCTIONSmall-/wide-angle x-ray scattering (SWAXS) data provide
information on the size and shape of biological molecules
in solution. The considerable resurgence in SWAXS exper-
iments during the last decade (1,2) emerges, in part, from
the availability of high-flux synchrotron sources whose
use reduces sample requirements and measurement times,
enabling structural studies under a variety of solvent condi-
tions. In addition, the real-space reconstruction methods of
Svergun and co-workers for producing 3D envelopes (3,4)
from SWAXS data greatly enhance the utility of SWAXS
for characterizing the structure of proteins and complexes.
The combination of this improved utility and further theo-
retical advances greatly enhances the power of SWAXS
for characterizing motions that are incompatible with a
crystal lattice, for studying proteins that are too difficult to
crystallize and/or too large for NMR methods (5), and for
analyzing systems under a wide range of solution conditions
not compatible with crystallography. Additional theoretical
advances hold promise for facilitating the extraction of
information on protein secondary structure and protein folds
from the wider-angle portion of the SWAXS pattern (6).
The utility of SWAXS for testing structural models of
proteins depends on the ability to accurately calculate the
SWAXS pattern corresponding to a given protein structure.
The greatest challenge in these calculations involves de-
scribing the influence of the solvent to enable extraction
of the protein’s contribution from the total scattering pattern
(7–9). This extraction is required because SWAXS patterns
depend upon the distances between all pairs of electrons inSubmitted January 26, 2011, and accepted for publication September 15,
2011.
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the solvent. The solvent contributes to the SWAXS pattern
in two ways. The first contribution from solvation arises
from the scattering due to the bulk solvent and the excluded
volume arising from the displacement of solvent by the
protein, and the second contribution emerges because of
the variable solvent density in the hydration shell layer sur-
rounding the protein. It has been previously found that the
average density of the hydration layer deviates from that
of bulk solvent (7,10). Correcting for the scattering by the
bulk solvent is comparatively straightforward, whereas
modeling the hydration shell layer and its influence on the
SWAXS pattern remains a challenge.
The hydration shell is usually described by adding a layer
of uniform (excess) electron density around the surface
of the protein, as implemented in the widely used CRYSOL
program developed by Svergun et al. (11). CRYSOL is
the current standard for SAXS calculations and has played
an important role in the resurgence of SAXS. In actuality,
however, the hydration shell is nonuniform, with successive
layers of positive and negative deviations from the bulk
density. Furthermore, the solvent density exhibits A˚ng-
strom-scale variations due to the different chemical proper-
ties of the atoms on the surface of the protein. Despite this
variability, SWAXS data are generally analyzed by opti-
mizing the fit of a uniform hydration shell density to exper-
imental scattering data (11). Another method for calculating
SWAXS patterns employs coarse-grained water molecules
whose positions are obtained by overlaying the protein on
an equilibrated water box, removing the waters that are
not in the hydration shell, and assigning weights to the water
molecules to optimize agreement with experiment (12). Bax
et al. use a similar approach without coarse-graining (13).doi: 10.1016/j.bpj.2011.09.021
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to enable improved calculation of SWAXS patterns and
obviate the need to optimize adjustable parameters. Because
molecular dynamics (MD) simulations provide atomistic
resolution for the solvent density around proteins without
the need for adjustable parameters, Park et al. (14) have
calculated SWAXS patterns from explicit atom MD simula-
tions of water positions. However, to avoid the large expense
of MD calculations, fast and accurate methods need to be
developed for routine calculation of SWAXS patterns to
determine protein structure. Here, we devise such an
approach based on HyPred (15), a fast analytical method
with atomic-level precision for predicting the nonuniform
solvent density near the surface of a protein. We demon-
strate that the SWAXS patterns obtained using HyPred’s
treatment of solvation agree well with experiment and
with those calculated from MD simulations, a comparison
devoid of systematic errors in force fields and experiments.
In addition, an analysis of the influence of protein dynamics
on scattering patterns is provided.METHODS
Experimental SWAXS data
All data were collected as described previously (16). SWAXS data have
been collected for multiple concentrations of ubiquitin (Ub), hen egg white
lysozyme (HEWL), and myoglobin (Mb). The SWAXS patterns are linearly
extrapolated to zero concentration. For Mb only, data from the three most
dilute solutions (11.04 mg/ml, 8.83 mg/ml, and 4.52 mg/ml) are extrapo-
lated to zero concentration for q < 0.2 A˚1, because the scattering intensity
varies nonlinearly with protein concentration at high concentrations. Data
collected at high concentrations are used without modification for q >
0.2 A˚1, because the experimental error is smaller at higher concentrations
and the scattering at wide angles is independent of concentration (17).MD simulations
All-atom explicit-solvent MD simulations have been performed at 4C
for 50 ns for Ub (Protein Data Bank (PDB) code 1UBQ (18)), HEWL
(PDB 6LYZ (19)), and Mb (PDB 1WLA (20)), employing NAMD (21)
and the CHARMM 27 all-atom force field (22). Counterions are added to
compensate for the charges on the proteins and to match experimental
conditions (16). A simulation of a buffer solution is also performed. Simu-
lations for 20 additional proteins (1DF4, 1DXG, 1F94, 1HYP, 1L2P, 1TIF,
1UOY, 1US0, 1VCC, 1YZM, 2DOB, 2ZQE, 3G19, 3HGL, 3LE4, and four
models from 2KN5) employ simulation boxes whose dimensions extend
15 A˚ beyond the proteins on all sides, except for the 1DF4, 1L2P, 1TIF,
and 3G19 simulations, where the dimensions extend 25 A˚ beyond the
protein on all sides. Charges are neutralized with either Naþ or Cl ions,
and protonation is set by assuming standard states for pH 7. The density
of bulk solvent is determined in each case from all water molecules
>10 A˚ from the protein. If the average computed electron density is
<0.333 e A˚3 or >0.335 e A˚3, the simulation box size is adjusted to
give the correct bulk density. Only protein monomers (containing between
36 and 314 residues) are considered. To reduce computational expense, we
have mostly chosen small proteins for study, but our methods can be applied
to proteins of arbitrary size.
Energy minimization and equilibration proceed in several stages. The
solvent and protein hydrogen atoms are first energy-minimized for 2000Biophysical Journal 101(8) 2061–2069steps; then, with all atoms in the protein other than the hydrogen atoms
immobilized, the temperature of each system is initially set at 1200 K,
and the systems are cooled to 4C over a period of 100 ps and then equil-
ibrated for 100 ps at 4C. This annealing enables the ions to move from their
original positions. Then, the hydrogen atoms in the protein are fixed in
place, and the systems are equilibrated for another 4500 ps. One simulation
is performed for Mb (and another for cytochrome c (1CRC)) with the
temperature initially set at 10 K and then raised by 10 K every 100 ps until
it reaches the final temperature of 4C. All protein atoms remain immobile
throughout the course of the subsequent MD simulation to keep the struc-
ture from deviating from the crystal structure and to eliminate the smearing
of the calculated SWAXS patterns due to the dynamics of the protein (as
described below). One additional 50-ns simulation (after a 4.5-ns equilibra-
tion) of Ub is performed in which the protein atoms are allowed to move so
that the role of protein thermal fluctuations can be analyzed. Electrostatic
interactions are computed with particle mesh Ewald summations. A 1-fs
time step is used, and snapshots are saved every 1 ps. The simulations
enforce NVT (constant number of atoms, volume, and temperature)
conditions.Calculation of SWAXS patterns from MD
simulations
The Debye formula can be used to calculate the SWAXS pattern of a solu-







where q ¼ 4psinq/l is the momentum transfer, l is the wavelength of the
x-rays, 2q is the scattering angle, r is the distance between atoms i andij
j, N is the number of scattering particles, and fi(q) is the scattering factor
for atom i (23). Because the MD simulations involve systems of finite
size, artifacts may arise at small q where the calculated scattering may
appear similar to the scattering from an object with the shape of the simu-
lation box. This artifact can be reduced by adding a uniform electron
density equal to that of the bulk solvent outside of the finite system box,
thereby effectively making the system size infinite. This addition of the
outside density is implemented using Babinet’s principle (24), which states
that the scattering from a uniform object is the same as the scattering from
a hole of the same shape. Hence, adding density everywhere outside of the
system box is equivalent to subtracting electron density from every point
inside the system box. Babinet’s principle is expressed as
foutsideðqÞ ¼ finsideðqÞ þ dðqÞ; (2)
where finside(q) is the scattering factor for an object of uniform density that
is enclosed within a boundary, and foutside(q) applies for an object with
uniform density everywhere outside of the boundary. The delta function
can be ignored, since scattering is not measured at q ¼ 0. The subtraction
of electron density from each point in the system is achieved using a single
dummy atom with the same shape and size as the system and with an elec-
tron density equal to the negative of the bulk electron density. The Debye
formula requires that all particles in the system be spherically symmetric.
Hence, the scattering from a dummy atom shaped like a rectangular prism
cannot be calculated using this formula, because the rectangular box lacks
spherical symmetry. However, a spherically symmetric system can be con-
structed by discarding atoms outside of a large sphere centered about the
protein’s center of mass. After extracting this spherical system, a uniform
bulk-solvent electron density is added everywhere outside of the system
sphere, and the Debye formula (Eq. 1) is used. This approach, however,
produces an excess electron density near the outside surface of the sphere,
because atoms centered inside but extending outside the boundary of the
sphere also contribute electron density outside. In a similar way, the density
Modeling Protein Hydration Layers 2063just inside the sphere is reduced because of the removal outside of the sphere
of explicit atoms that are centered outside but that would contribute to the
density inside the sphere. Therefore, the density added to produce an average
uniform electron density at large distances from the solvent cannot be intro-
duced with a sharp boundary but must instead begin increasing a few A˚s
before the inside boundary of the sphere and only attain bulk density a few
A˚s outside of it. The appropriate density can be calculated by convoluting
the electron density of the sphere with the electron density of the two
hydrogen atoms and one oxygen atom fromonewatermolecule. The electron
density due to the solvent at any particular point r can be found by integrating
over all space the probability of finding a solvent atom at r2multiplied by the
contribution of a solvent atom at r2 to the electron density at r. This density
is just the convolution of a sphere with the density of two hydrogen atoms
and an oxygen atom. Using the convolution theorem, which states that
F½ f5g ¼ F½ f F½g; (3)
where F[f] and F[g] are the Fourier transforms of f and g, respectively, and
f5g denotes the convolution of f and g, the scattering factor of the convo-luted sphere emerges as equal to the scattering factor of the sphere multi-
plied by the sum of the scattering factors of two hydrogen atoms and an
oxygen atom,






where fsphere(q) is the scattering factor of a hard sphere, and fH(q) and fO(q)
are the scattering factors of a hydrogen and an oxygen atom, respectively.Equation 4 is used as one of the scattering factors in Eq. 1. Now that spher-
ical symmetry has been restored, the Debye formula is applied to each snap-
shot of a trajectory to calculate the SWAXS patterns from the MD
simulation every 10 ps, with subsequent averaging. Some residual error
remains when the density is made uniform outside of the sphere due to
loss of correlation in electron density between points lying just inside
and just outside of the sphere. If this error is significant, it should depend
upon the sphere size. A sphere of radius 39 A˚ is used for Ub, HEWL,
and Mb. The sphere sizes for the other proteins are set such that no protein
atom is closer than 8 A˚ to the boundary of the sphere. Tests of spheres with
radii of 49 A˚ for Ub, HEWL, and Mb yield very similar scattering patterns
to those for the smaller spheres for each of the three proteins. This implies
that losing information about density correlation between points inside and
outside of the sphere imparts minor errors. The calculated SWAXS patterns
converge rapidly: those from the first 9 ns and the full 50 ns of the MD
simulations after equilibration are very similar for Ub, HEWL, and Mb
(Fig. S1 in the SupportingMaterial). The differences between the calculated
SWAXS patterns of the two simulations of Mb with different equilibration
procedures are likewise minor (Fig. S2).
A simulation of the buffer solution enables subtraction of the background
buffer contribution from the composite intensity obtained from the simula-
tion with both protein and buffer. Finite-size artifacts largely cancel when
the SWAXS pattern of the buffer solution is subtracted from the SWAXS
pattern of the protein in solution. The scattering from the buffer solution
is subtracted from the scattering from the protein in water according to
the equation
IðqÞ ¼ IproteinðqÞ  mIbufferðqÞ; (5)
where m is the ratio of the average number of solvent electrons in a frame of
the protein simulation relative to that for the buffer alone. Computationswith the Debye formula are accelerated by calculating histograms of inter-
particle separations for each pair of atom types using a bin size of 0.001 A˚.
This small bin size is necessary because the wide-angle scattering is domi-
nated by the scattering from the solution for both the protein and buffer
systems. A small error in the scattering in either the protein or buffer simu-
lations produces a large error in the calculation of wide-angle scattering
from the protein.Calculating SWAXS patterns using the cube
method
Another way of describing the influence of solvent involves discretizing the
electron density into (0.5 A˚)3 cubes and specifying the electron density
within each cube either from the average of snapshots taken from the
MD trajectory at 1-ps intervals or from the HyPred method. These com-
puted SWAXS patterns utilize the averaged solvent densities and the Carte-
sian coordinates of the immobile atoms in the protein. The coarse-graining
of the electron density into cubes eliminates information concerning corre-
lations in density between points in the hydration shell. Cubes are ignored
when they are situated in the solution farther than 8 A˚ from any of the nuclei
of the atoms on the protein’s surface. Babinet’s principle (24) implies that
contributions from the bulk solvent can be described by subtracting the
average solution density from each of the cubes. Because the cubes are
not spherically symmetric, the Debye formula cannot be applied, and
instead, the scattering is computed in three-dimensional reciprocal space
and then spherically averaged numerically. More specifically, the SWAXS
pattern is obtained by averaging over 200 spherically distributed scattering
vectors, q (i.e., averaging over 200 orientations), for each magnitude of q,











where N is the total number of atoms and cubes used in the calculation, and
r is the position of particle n or cube n. The orientations of the scatteringn
vectors q are chosen with a uniform distribution for the azimuthal angle of
the q vectors and for the cosine of the polar angle. Only scattering vectors in
one hemisphere are needed, because the scatterings for5q are identical.
The scattering factor for a single cube is given by















where a is the length of an edge of the cube, r is the electron density in the
cube, and Eq. 7 is used in Eq. 6 for each solvent-containing cube. The cubesare treated differently from the atoms of the protein. Since the cubes are
evenly spaced, the contribution to Eq. 6 from the cubes is determined by
fast Fourier transformation, whereas the contribution from the protein is
evaluated by direct Fourier transformation (using the second calculation
method, i.e., cube method), because the atoms of the protein are not evenly
spaced.HyPred method
HyPred proceeds by calculating a set of proximal radial distribution
functions (pRDFs), defined below, for ~300 different categories of atoms
in proteins using all-atom, explicit-solvent MD simulations (15). This set
of ~300 atom types distinguishes between atom and amino acid type. The
pRDFs describe the hydration layer near the protein’s surface atoms and
are used to predict the solvent density in a discrete description. The
pRDFs are calculated by partitioning the simulation box into (0.5 A˚)3
cubes, which are assigned to the solute atom whose (scaled) van der Waals
surface is the closest, and the separation is stored. The densities and sepa-
rations of the cubes assigned to each particular atom type are then used to
calculate the entire pRDF for that atom type. The hydration shell is recre-
ated using the same grid by inverting the process used to generate the
pRDFs. We store the separation between each cube outside of the protein
and the solute atom with the nearest scaled van der Waals surface. The
solvent density in each cube is assigned the value of the pRDF associated
with that solute atom type and the separation. The model and the distribu-
tion functions for a given protein have been validated by their ability to
reproduce the hydration layer from the MD simulations for that protein,Biophysical Journal 101(8) 2061–2069
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shell electron densities obtained from MD simulations and HyPred predic-
tions are illustrated in Fig. 1 (insets) and Fig. S3.
When HyPred is used to calculate the SWAXS pattern of a protein, simu-
lation data for that particular protein are omitted, so the pRDF is obtained as
an average of pRDFs constructed from data for the other 18 proteins consid-
ered. Since the appearance of the publication describing HyPred, several
improvements have been made to HyPred. This work employs an enhanced
procedure for calculating the pRDFs beyond those obtained from the
original HyPred method (15). The first enhancement corrects for
hydrogen-bonding between protein and solvent by adding a specification
of the dependence of the pRDFs on the angle between the vector connecting
the center of the cube and the protein atom that is closest to the cube and the
bond connecting the atom to its nearest bonded atom (Fig. S4). The bin size
is 15, and cubes are also categorized according to the atom type of the
second-closest atom in space. In this case, the atom type is specified by
elemental type of the second-nearest heavy atom (e.g., S, O, N, or C) or,
if the second-nearest neighbor is a hydrogen atom, the specification is
according to the heavy atom to which the H atom is bonded. Cubes are
also categorized according to whether they are near a convex or concave
region of the protein surface. Finally, the number of reference proteins
used to generate the pRDFs has been increased from 3 to 19 (listed above).RESULTS AND DISCUSSION
Simulations and comparison to experimental data
SWAXS patterns are calculated using 5000 snapshots taken
from 50-ns MD simulations for each of three globular
proteins, HEWL, Ub, and Mb. The protein is held immobile
in these simulations, and only the solvent molecules are al-
lowed to move (Fig. 1). The scattering from the composite
protein plus solvent is peaked at q ¼ 0 and also contains a
broad peak at 2.1 A˚1 that appears in the scattering from
the solvent alone and arises from density variations of the
water molecules. This peak is removed upon subtracting
the buffer scattering after scaling the latter by the ratio of
the average number of solvent electrons in the protein solu-Biophysical Journal 101(8) 2061–2069tion to the number in the buffer solution. The latter proce-
dure is required because the average numbers of solvent
electrons in frames of the Ub and buffer MD simulations
are 79,655 and 83,152, respectively, so the buffer SWAXS
scattering is scaled by a factor of 0.958 before subtracting
the buffer SWAXS scattering to compensate for this differ-
ence in the contribution of the buffer to the SWAXS
scattering.
The resulting buffer-subtracted scattering patterns for
HEWL and Ub agree quite well with the experimental
data over the entire range of q (Fig. 1, B and C), whereas
some deviation appears for Mb, particularly at small angles
(Fig. 1 D), perhaps due to concentration effects. SAXS
patterns can vary with protein concentration because of
interparticle interference, as well as changes in internal elec-
tron density variations when the electron density of the
solvent changes, and increasing dynamics of the protein
when it has more room to undergo structural fluctuations
in dilute solutions (17). These effects are large and nonlinear
in Mb but are far smaller at wide angles than at small. This
explains why the calculations reproduce the scattering at
wide angles but deviate at small angles. Fig. S5 is a duplicate
of Fig. 1 D scaled such that the experimental data and the
SWAXS pattern calculated from the MD simulation match
at small angles. Zinke et al. (17) have studied the SWAXS
pattern of hemoglobin as a function of concentration and
find large nonlinear changes at small angles but negligible
changes at wide angles. Makowski et al. (16) have also
studied the dependence of SAXS on concentration for
proteins, including Mb. Fig. S6 displays several SWAXS
patterns of Mb for various concentrations of Mb, alongside
the SWAXS pattern of Mb calculated from the MD simula-
tion. The intensities at small angles vary greatly, and the
SWAXS pattern calculated from the MD simulationFIGURE 1 Comparison between calculated and
experimental SWAXS patterns. (A) HEWL and
scaled buffer solution scattering as calculated
fromMD simulations. (B–D) Comparison of calcu-
lated background-subtracted SWAXS patterns of
Ub, HEWL, and Mb with experiment. The protein
is held immobile. Traces are scaled to set I(q ¼
0) ¼ 1, except in the case of Mb, where the three
curves are scaled to match at q¼ 0.64 A˚1. (Insets)
Cross sections of the MD(TIP3P) and HyPred
models of the hydrated protein.
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tion, as expected given that the simulations are in the very
low concentration limit. Other potential sources of error
could arise from differences between the crystal and solu-
tion structures near the chromophore binding pocket.
Fig. S7 presents a comparison between the SWAXS pattern
calculated from the MD simulation of cytochrome c and
experiments. Deviations between the calculated SWAXS
pattern and experiment also may arise from differences
between the TIP3P water model and real water molecules.
Different water models might result in different average
densities for the hydration shell and therefore impact the
SWAXS patterns of proteins.
Because a protein’s structure varies dynamically, the
experimental scattering may not be well represented by
the single structure used in our MD simulations. To investi-
gate the influence of protein motion, the SWAXS pattern of
Ub is calculated from an all-atom MD simulation in which
protein motions are permitted. The resulting pattern does
not agree as well with experiment as the scattering from
the static structure, perhaps indicating deficiencies of the
force field. The intensity at q ¼ 0 is higher by 15% than
that utilizing the MD simulation, in which the protein is
immobile (Fig. 2). This increase in intensity at q ¼ 0 is
possibly due to a greater number of water molecules in
the hydration shell of the dynamic protein compared to
the corresponding number in the simulation with the immo-
bile protein. This difference arises from only eight extra
water molecules on average in the hydration shell of the
dynamic protein, which is an illustration of how sensitive
SWAXS can be to hydration.
The resulting radius of gyration, Rg ¼ 12.805 0.10 A˚, is
larger than both that from the simulation with the immobile
protein, 12.625 0.07 A˚, and that from experiment, 12.405
0.02 A˚, where the Rg values and error bars are obtained from
the second moment of P(r), the electron-pair distance distri-
bution function as determined using the GNOM indirectFIGURE 2 Influence of dynamics on scattering profiles for Ub. The
calculated SWAXS patterns are divided by I(0) from the MD simulation
with the protein held fixed, and the experimental data are scaled to unity
at q ¼ 0.Fourier transform procedure (25) and retaining scattering
data over the range 0.06–0.6 A˚1.
The experimental Rg of HEWL is 14.61 5 0.04 A˚ and
departs from the experimental Rg reported by Svergun,
which is 15.4 5 0.2 A˚. Similar differences are seen with
Mb. There are a number of potential reasons for this differ-
ence. Rg may be a function of protein concentration, partly
due to interparticle interference at higher concentrations.
This effect is generally ignored, because SAXS data taken
at synchrotrons are usually collected at submillimolar pro-
tein concentrations. In addition, internal electron density
variations alter Rg when the electron density of the solvent
changes. Moreover, a protein may undergo larger fluctua-
tions in dilute rather than concentrated solutions, and this
may lead to the inference of a greater Rg. Buffer conditions
may also affect the Rg. The WAXS data from Ub, HEWL,
and Mb are very well determined and have been collected
multiple times.
SWAXS patterns have been calculated from MD simula-
tions for a set of NMR structures of Mb (Fig. S8). The
SWAXS patterns calculated from the NMR structures agree
better with the experimental data than the SWAXS pattern
calculated from the crystal structure, suggesting that the
ensemble of solution structures is more accurately reflected
by the NMR structures than by the crystal structure.Calculations using average solvent density
We next examine whether the use of the average of the
solvent density over the MD trajectory for each (0.5 A˚)3
cube is adequate to produce accurate scattering patterns.
Cube models have been used previously to calculate
SWAXS scattering intensities (26–28), but our model pro-
vides a more accurate depiction of the hydration layer,
and hence, the averaged density approximation may provide
accurate SWAXS patterns. The SWAXS patterns are com-
pared using both methods for determining the solvent
density within the cubes. The first approach uses the solvent
density averaged over the 50-ns MD simulations, whereas
the second approach employs the predicted densities from
HyPred.
The scattering patterns for these two descriptions of the
solvent are remarkably similar to the patterns obtained using
the average of the scattering from the 5000 MD snapshots
(Fig. 3). The slight discrepancy at q > 1.3 A˚1 is not due
to discretization errors arising from the use of (0.5 A˚)3
cubes; discretization into either (0.25 A˚)3 or (0.75 A˚)3 cubes
produces nearly identical patterns (Fig. S9). Hence, the
difference at high q most likely arises from the loss of
density correlations induced by the approximations.
The SWAXS patterns calculated from the MD simula-
tions and from HyPred agree quite well for all three
proteins. The patterns for HEWL agree well until q ~ 0.5–
1 A˚1, whereas the agreement for Ub persists out to
2 A˚1. The agreement for Mb extends to 2 A˚1, exceptBiophysical Journal 101(8) 2061–2069
FIGURE 3 The influence of discretizing and averaging the electron
density into (0.5 A˚)3 cubes. The protein is held immobile.
2066 Virtanen et al.near q ¼ 0.2 A˚1. The SWAXS patterns for HEWL and Mb,
obtained with either of the MD-based methods, are more
similar to each other than the patterns calculated using the
HyPred solvent model (Fig. 3). This indicates that further
improvements in accuracy may be possible for some pro-
teins. A comparison between the SWAXS pattern of cyto-
chrome c calculated using HyPred, the SWAXS pattern
calculated from the MD simulation, and the experimental
data is displayed in Fig. S7.Comparison to other methods
Our I(q) calculations using explicit solvent simulations are
very similar to those Park et al. reported for HEWL and
Mb (14) (Fig. 1, B and D). One important difference arises
because Park et al. subtract the unscaled buffer scattering
from the protein scattering, whereas we scale the buffer
scattering before subtraction by the ratio of the number ofBiophysical Journal 101(8) 2061–2069solvent electrons in the protein simulation to the number
of solvent electrons in the buffer simulation (~90–99% de-
pending on the protein and sphere size). In addition, Park
et al. use a 7-A˚ layer of water around the protein, whereas
we place the protein in a sphere of water with constant elec-
tron density everywhere outside the sphere. The treatment of
Park et al. yields an alternative scaling for the buffer contri-
bution that leads to the calculation of an excess intensity that
is not directly comparable to the background-subtracted
intensities we report here for q R 2 A˚1 because of the
different scaling of the scattering from the protein and buffer
solutions (14).
The discretization of space into cubes leaves no gaps in
the solvent and improves the calculated SWAXS intensity
at high q, as compared to CRYSOL, for example, which
uses spherical dummy atoms with negative electron density
to subtract the contribution from the bulk solvent electron
density. The benefit of the increased accuracy of discretiza-
tion that emerges from using the cubes comes with a loss
of spherical symmetry that invalidates the use of the compu-
tationally rapid Debye formula. However, the solution scat-
tering can be well represented by calculating the scattering
pattern from the average of 200 different orientations. Using
450 orientations rather than 200 does not significantly alter
the calculated SWAXS pattern. The validity of this method
is confirmed in the previous section by comparing SWAXS
patterns from the HyPred cube method to those from MD
simulations. The total computation time for hydrating the
protein and calculating the SWAXS pattern is ~30 min for
Ub, ~40 min for HEWL, and ~45 min for Mb, on an Intel
(Santa Clara, CA) Pentium 4 2.8 GHz CPU. An advantage
of CRYSOL over the methods presented in this article is
that CRYSOL is faster by at least an order of magnitude,
and for those who want to perform many SAXS calculations
in a short amount of time, CRYSOL may be the better
option. One deficiency with the HyPred model arises
because it is based on MD simulations at low ionic condi-
tions and therefore may not be able to accurately reproduce
the hydration layer for other buffer condition. To maintain
spherical symmetry, the CRYSOL program implements
Babinet’s principle by introducing spherical dummy atoms
with negative electron density that are placed directly on
top of the real protein atoms. The use of spherical dummy
atoms introduces spurious gaps with excess or deficient
electron densities (11). To assess the improvement gained
by using HyPred instead of a uniform hydration shell such
as the one applied by CRYSOL, the SWAXS patterns for
the three proteins are also calculated using the cube method
with a uniform hydration shell thickness of 3 A˚ and an
excess density of 0.03 e A˚3, which are identical to the
thickness and density of the hydration layer used by
CRYSOL (using default hydration parameters). Fig. 4 con-
trasts the SWAXS patterns calculated using HyPred and a
uniform hydration shell. The impact of using a uniform
hydration shell is substantial, and the SWAXS patterns
FIGURE 4 Comparison among various hydration models and CRYSOL.
The protein is kept immobile.
TABLE 1 Difference between the specified scattering
intensity and that calculated from the MD simulation
Protein Experiment HyPred CRYSOL CRYSOL fit
Ub 0.0074 0.0011 (0.0088) 0.070 (0.077) 0.0015 (0.0014)
HEWL 0.0066 0.0013 (0.0082) 0.023 (0.040) 0.00091 (0.00091)
Mb 0.020 0.0068 (0.016) 0.075 (0.079) 0.0012 (0.00094)
1CRC 0.0049 0.00094 (0.0054) 0.034 (0.032) 0.012 (0.0050)
1DF4 0.00068 0.076 0.00020
1DXG 0.0012 0.22 0.00013
1F94 0.0021 0.019 0.00025
1HYP 0.0053 0.089 0.0010
1L2P 0.0060 0.022 0.00011
1TIF 0.00052 0.043 0.00054
1UOY 0.0023 0.029 0.00047
1US0 0.0010 0.033 0.0019
1VCC 0.0023 0.027 0.00054
1YZM 0.0013 0.058 0.00018
2DOB 0.0026 0.065 0.00072
2PTN 0.0077 0.042 0.0016
2ZQE 0.0038 0.032 0.0011
3G19 0.0039 0.047 0.00058
3HGL 0.00090 0.079 0.0017
3LE4 0.014 0.073 0.00030
Values in parentheses represent the difference between the specified scat-
tering intensity and that observed experimentally, quantified as z (Eq. 8).
Modeling Protein Hydration Layers 2067calculated for Ub, HEWL, and Mb using a uniform hydra-
tion shell, are very similar to the SWAXS patterns calculated
using CRYSOL, suggesting that the majority of the differ-
ence between the HyPred cube method and CRYSOL is
due to the difference in the treatment of the hydration shell
rather than the other factors discussed (the treatment of
excluded volume, the use of dummy atoms, or discretization
using cubes). In addition to calculating the SWAXS patterns
of proteins with a uniform hydration shell, we also present
calculated SWAXS patterns of proteins without a hydration
shell and of proteins in vacuum (Fig. S10). These calculated
SWAXS patterns have a significantly higher intensity at q <
0.2 A˚1 because of the greatly enhanced contrast between
the electron density of the protein and vacuum (compared
to solvent). Because the SWAXS patterns are scaled to unity
at I(0), the patterns calculated using CRYSOL appear to
have a significantly lower intensity at q > 0.2 A˚1.
Based on a comparison of the SWAXS patterns, our
HyPred model provides a representation of the MD simula-tions that is superior to the model used in CRYSOL with the
default parameters for the hydration shell density and atom-
ic radii using 50 spherical harmonics (Fig. 4). The use of 50
spherical harmonics is necessary and sufficient to calculate
SWAXS patterns to wide angles. The HyPred method
produces SWAXS patterns significantly superior to those
produced by CRYSOL for q < 0.6 A˚1 of all three proteins.
The quality of fit to the pattern obtained from the MD simu-











and the resulting values are presented in Table 1. Fig. S11
displays the information in Table 1 as a bar graph. A
comparison is also provided to calculations with CRYSOL
and the optimization of the hydration shell density and the
excluded volume to fit the experimental data. Using adjust-
able parameters can compensate for inherent deficiencies in
the use of a uniform hydration layer but may also obscure
errors in the molecular model used for the calculation. For
our test set of three proteins, the radii of gyration (Rg) for
the HyPred and CRYSOL calculations are within 0.5 A˚ of
the MD-determined values (Table 2). These Rg values are
obtained from the second moment of P(r), the electron-
pair distance distribution function as determined using the
GNOM indirect Fourier transform procedure (25) and re-
taining scattering data over the range 0.06–0.6 A˚1.
The P(r) functions are calculated from the intensity distri-
butions determined with the HyPred model. Generally, the
computed P(r) curves are very similar for the different treat-
ments of the solvent contributions (Fig. 5). Fig. S12 displaysBiophysical Journal 101(8) 2061–2069










Ub 12.405 0.02 12.625 0.07 13.15 13.21 76
HEWL 14.615 0.04 14.445 0.02 14.45 14.90 129
Mb 16.285 0.04 16.615 0.19 16.39 16.58 153
1CRC 12.895 0.01 13.095 0.08 13.11 10.71 105
1DF4 13.455 0.28 13.46 14.73 62
1DXG 10.645 0.15 10.31 11.66 36
1F94 11.255 0.21 11.66 12.24 63
1HYP 12.415 0.01 12.11 12.86 75
1L2P 9.935 0.73 8.24 10.22 63
1TIF 14.215 0.13 14.82 14.11 76
1UOY 10.395 0.04 10.15 11.04 64
1US0 19.615 0.02 19.64 19.68 314
1VCC 13.055 0.07 12.93 13.76 76
1YZM 12.465 0.11 12.35 12.59 46
2DOB 13.055 0.03 13.04 13.56 82
2PTN 16.895 0.05 16.65 17.41 230
2ZQE 12.335 0.04 12.13 12.94 80
3G19 13.345 0.13 13.61 14.24 84
3HGL 12.285 0.03 12.32 12.97 77
3LE4 12.545 0.11 12.52 13.28 55
These Rg are obtained from the second moment of P(r), the electron-pair
distance distribution function as determined using the GNOM indirect
Fourier transform procedure, and retaining scattering data over the range
0.06–0.6 A˚1. The error bars for the experimental Rg values are obtained
from GNOM. The error bars for the MD simulations are obtained by split-
ting the MD simulations into three pieces and calculating the Rg values of
the individual pieces.
2068 Virtanen et al.P(r) curves calculated using different data ranges. The P(r)
curves for the data in the range 0.06–2.4 A˚1 exhibit rela-
tively high frequency oscillations that correspond to features
obtained when P(r) is calculated directly from the atomic
coordinates for the structure, providing validation for the
approach and the indirect Fourier transform used to calcu-
late P(r). Fig. S13 displays the P(r) calculated directly
from the structure of HEWL, with the hydration layer calcu-
lated using HyPred and the P(r) calculated from the direct
Fourier transformation of the scattering intensity calculated
from the MD simulation of HEWL for q out to extremely
high q ¼ 30 A˚1, which is essentially infinity. The P(r)
curves calculated in two different ways feature the same
major oscillations.CONCLUSION
The ability of the parameter-free HyPred continuum-hydra-
tion model to produce scattering patterns that closely matchBiophysical Journal 101(8) 2061–2069the explicit-atom-solvent calculations demonstrates that
SWAXS patterns can be calculated without MD simulations
using an inhomogeneous continuum model of the hydration
shell. This agreement represents a strong validation of the
HyPred method for calculating the solvation layer of
proteins. This also implies that solvation of protein surfaces
is a highly local phenomenon that can be accurately pre-
dicted from the relative location of atoms in the immediate
vicinity. The success of HyPred also implies that the density
correlations and fluctuations within the hydration shell do
not significantly contribute to the SWAXS pattern for q <
1.3 A˚1, whereas inhomogeneities in the hydration shell
do make an impact. This claim follows because the SWAXS
patterns calculated from the MD simulations, which include
contributions from density correlations, closely match the
SWAXS patterns calculated from HyPred. We assess the
impact of the improved description of the hydration shell
and the improved method of correcting for bulk solvent
contributions and find that both are significant. Our methods
produce significantly more accurate SWAXS patterns than
those obtained using the program CRYSOL with default
parameters. Although the computations using HyPred may
currently be too slow for use on the fly during a folding or
docking algorithm, they can be employed to filter computa-
tionally generated structures. Thus, our approaches should
aid in the modeling of multidomain protein structures and
complexes.
The HyPred methodology can be extended to enable
calculation of the hydration of nucleic acids and membrane
surfaces and, hence, the SWAXS patterns for nucleic acid-
protein complexes and membrane proteins in lipid vesicles
or bilayers. HyPred can also be employed to estimate water
densities surrounding proteins and can thereby aid in crystal-
lographic structure refinement. The HyPred-based software
discussed in this article is accessible through a web server
at http://godzilla.uchicago.edu/cgi-bin/jouko/waxs.cgi. A
web server for performing SWAXS calculations from MD
simulations is accessible at http://godzilla.uchicago.edu/
cgi-bin/jouko/md_waxs.cgi.SUPPORTING MATERIAL
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